Abstract Neutrophil gelatinase associated lipocalin (NGAL) as a protein derived from neutrophils has recently been the field of investigation in a wide range of diseases (renal disease, coronary artery disease, etc). The MEDLINE/PubMed database was searched for publications with the medical subject heading "NGAL" and keywords "Abdominal aortic aneurysm (AAA)," "biomarker," and "growth". We restricted our search to date. In this review, we included 38 articles and abstracts that were accessible and available in English. An effort to further explain the role of NGAL within AAA has been made. NGAL seems to be a hopeful marker for the pathogenesis and the progression of abdominal aortic aneurysms (AAAs), which has significant morbidity and mortality rates.
Introduction
Abdominal aortic aneurysm (AAA) originating from the Greek word ανεύρυσμα, which stands for a dilatation or widening of the abdominal aorta. The most accepted definition of an AAA is based on the diameter of the abdominal aorta: an abdominal aortic diameter of 3.0 cm or more, which is usually more than two standard deviations above the mean diameter for both men and women [1] [2] [3] . Other authors have defined AAA as the maximum infrarenal aortic diameter being at least 1.5 times larger than the expected normal to compensate for individual variation in the diameter of the adjacent aorta [4] [5] [6] . AAA disease may become lethal if left untreated [7] , leading to 2-3 % of all deaths in the elderly [8] . Its pathogenesis is multifactorial involving extracellular matrix breakdown, smooth muscle cell disappearance, and inflammation. Better understanding of molecular mechanisms is an important step to clarify the pathophysiology and role of genetic and molecular biomarkers as well as developing new therapeutic strategies for AAA. Unfortunately, there are no specific laboratory markers that would allow one to distinguish in a simple way between aneurysm bearers and the healthy population. This is the reason why the development and progression of AAAs have been linked to various inflammatory mediators, among which stands neutrophil gelatinase associated lipocalin (NGAL) [9] .
In this article, we aim to give a conceptual description of the potential role of NGAL in predicting the natural history of AAA. This review article could become an eye-opener for future studies in AAA, since at present no markers as such are available to predict the rupture risk.
Methods
The MEDLINE/PubMed database was searched for publications with the medical subject heading "NGAL" and keywords "Abdominal aortic aneurysm (AAA)," "biomarker," and "growth". We restricted our search to date.
Results
In this review, we included 38 articles and abstracts that were accessible and available in English. An effort to further explain the role of NGAL within AAA has been made. Nature of NGAL NGAL was originally identified as a 25-kDa protein, covalently bound to matrix metalloproteinase-9 (MMP-9) from neutrophils [10] . Mature peripheral neutrophils lack NGALmRNA expression, and NGAL protein is synthesized at the early myelocyte stage of granulopoiesis during formation of secondary granules [11] . Like other lipocalines, NGAL forms a barrel-shaped tertiary structure with a hydrophobic calyx that binds small bacterial catecholate-type ferric lipophilic molecules [12, 13] . The major ligands for NGAL are siderophores, which are small iron-binding molecules that are synthesized by bacteria to acquire iron from the surroundings. NGAL depletes siderophores and it could therefore be hypothesized that NGAL participates in the antibacterial iron depletion strategy of the innate immune system [14] . NGAL is normally expressed in human neutrophils and in other cell types such as epithelial, renal tubular, and hepatic cells during inflammation or injury [15] .
Interestingly, NGAL is induced in a number of human cancers and is often a marker of poor prognosis. A variety of tumor-promoting agents, such as SV40, polyoma virus, hepatocyte growth factor, and glucocorticoids, induce the gene of NGAL [16] . The methods identifying NGAL levels are Western blot, ELISA, and determination of cell-free DNA (cf-DNA) [17] . ELISA currently available, such as Bioporto and R&D Systems, are accurate but still not practical in the clinical setting.
Plasma NGAL concentrations have been associated with cardiovascular risk in patients with asymptomatic atherosclerosis [18] . Among patients with coronary artery disease (CAD) and chronic heart failure (CHF), serum levels of NGAL increase proportionally with the severity of disease [19] . NGAL plasma concentration has been correlated with renal function markers (creatinine) in patients with carotid atherosclerosis [20] . Additionally, a progressive and significant increase occurs in serum NGAL following acute cerebrovascular events (ischemic stroke) and persists for up to 1 year [21, 22] . These markers activate and provoke the chemotaxis of neutrophils, which are the main source of NGAL [17, 23] . Neutrophil may contribute to two main mechanisms of AAA evolution, namely, medial destruction and adventitial immune-inflammatory processes [9] . Depletion of neutrophils is able to inhibit experimental AAA formation [24] . Secondly, through the junction with MMP-9, the degradation of the latter is inhibited, thereby preserving enzymatic activity. In this way, further proteolytic degradation of elastin takes place, thus leading to the growth of the AAA [25] . Upregulation of both MMP-9 and NGAL is induced by c-Jun N-terminal-kinase (JNK), which is involved in cellular stress responses and has been shown to be an important signaling molecule in the pathogenesis of AAA [26] . Besides the above, NGAL possesses bacteriostatic properties by binding bacterial siderophores, in this way preventing bacteria from retrieving iron sources [27] . This suggests that the release of NGAL from the neutrophils in the iron-rich ILT, functions as a proteolytic response to increased bacteria present in AAA tissue [28] .
Experimental evidence for this role is derived from genetically modified mice that lack NGAL gene, which makes them more susceptible to Gram-negative bacterial infections and death from sepsis [29] . Interestingly, Chlamydia pneumoniaereactive T lymphocytes have been identified in AAA [14] , and chlamydia has been localized to AAA tissue [30] . However, whether the increased expression of NGAL in the thrombus is a result of bacterial infection is not known.
The development of AAA is linked to degradation of elastin and collagen. These changes are more pronounced in the aneurysm wall covered by the ILT, which also shows more signs of inflammation and is thinner compared to the aneurysm wall exposed to flowing blood [31] . The rate of increase in diameter of AAA correlates with increased thrombus growth and rupture [31] .
NGAL and AAA Natural History
Several studies have taken place in order to investigate the role of NGAL in AAA patients. Ramos-Mozo et al. [17] found that neutrophils (PMNs) isolated from AAA patients secreted significantly greater amounts of NGAL than from controls (115 ng/ml (78-200) vs. 94 ng/ml (72-114) p<0.001). Luminal thrombus released large amounts of NGAL compared to abluminal AAA thrombus, AAA wall, and healthy aortic media [17] . NGAL plasma concentrations in AAA patients were also correlated with other markers of thrombus activity (PAP and DD) [17] . Furthermore, a positive correlation between plasma NGAL and retrospective AAA growth (p= 0.01) was observed [17] .
Studies using gene array of human aneurysm specimens have shown that most MMPs were upregulated in the thrombus-free wall [31] . Analyses by zymography, however, demonstrate gelatinase activity in the interface between the thrombus and the underlying wall and in the media of the wall not covered by a thrombus [31] . The thrombus contains large amounts of neutrophils [31] . Thus, NGAL is involved in the regulation of MMP-9 activity and prevents its inactivation, thus augmenting the proteolytic effect [31] . The presence of NGAL/MMP-9 complexes throughout the thrombus and in the thrombus-covered wall may also contribute to the increased proteolytic degradation seen in this wall segment [31] .
A study of mediators of neutrophil recruitment in human abdominal aortic aneurysms driven by Houard et al [23] found that NGAL/MMP-9 (cutoff level of 5 μg) complexes as soluble neutrophil marker were found in supernatants of the luminal ILT layer with a significant negative gradient from the luminal to the abluminal poles of the ILT (p<0.01). In addition, the release of NGAL/MMP-9 was found in higher amounts in AAA patients compared to healthy controls (p<0.02) [23] . Additionally, it was also concluded that NGAL plasma levels as a neutrophil marker did not correlate with either maximal aortic diameter or maximal ILT thickness (p= 0.8 and 0.2, respectively) [32] .
Finally, Folkesson et al. [25] came to the conclusion that the concentration of the NGAL/MMP-9 complex was highest in the luminal part of the thrombus. Neutrophil-derived NGAL could enhance the proteolytic activity associated with AAA, but the importance of this mechanism for aneurysm growth remains to be shown [25] .
As far as the intra-and postoperative values of NGAL are concerned, AAA endovascular repair induces their increase (182±115 % p=0.008) [7] . In cases of open AAA repair, it is shown that after clamp removal, NGAL washes out from the lower extremities, which become ischemic during aneurysm repair [33] . Additionally, AAA surgery triggers an inflammatory reaction and thus the increase of NGAL, which is known to be an acute-phase reactant produced by some immune cells [33] . NGAL has further been widely studied as an individual marker of acute kidney injury (AKI) induced by the AAA repair surgery, and it has been shown to increase due to decreased GFR with subsequent clearance impairment per se [34, 35] .
More specifically, as far as open AAA repair and NGAL level changes are concerned, an increase in serum NGAL (75.21±55.83 vs. 46.37±21.60 ng/ml, p>0.05) and significantly elevated plasma NGAL levels at 2 h (91.54±76.54 vs. baseline, p<0.05), 12 h (100.78±44.92 vs. baseline, p<0.05), and 24 h (89.46±94.18 vs. baseline, p<0.05) after clamp release and reperfusion were found [33, 34] .
As far as urinary NGAL is concerned, there was a significant elevation at 12 h (20.75 ng/ml [5.00-176.10] vs. 5.85 ng/ml [1.40-16 .00] at baseline, p <0.05) and 24 h (13.95 [3.90-163.30] vs. baseline, p<0.05) after clamp release [34, 35] .
Speelman et al [36] showed that ILT causes a reduction in wall stress, which was stronger for larger thrombi and higher elastic moduli (p<0.01). A larger ILT was associated with a higher AAA growth rate, but also with a lower wall stress [36] . Therefore, weakening of the AAA wall, under the influence of thrombus, may play a more imminent role in the process of AAA growth than the stress acting on the wall.
Furthermore, low AAA wall stress was associated with a lower aneurysm growth rate [37] . Growth rate was also positively related to MMP-9 plasma concentration (r=0.32) [37] . The average MMP-9 and CRP concentrations increased with increasing degrees of relative wall stress, although the absolute and relative wall stress did not correlate with any of the biomarkers [37] .
All in all, after meticulous analysis of literature to identify an established correlation between NGAL levels and AAA wall stress, we failed to find a direct correlation between them. Although both ILT and MMP-9 seem to be related with AAA wall stress. So, further studies are needed to shed light to this potential relationship. Table 1 summarizes the role of NGAL in the natural history of AAA. • In complex with MMP-9 is found in higher amounts in AAA patients • does not correlate with either maximal aortic diameter or maximal ILT thickness (p=0.8 and 0.2 respectively) Folkesson [25] 2007 Presence of NGAL/MMP-9 complexes in human AAA
• NGAL/MMP-9 complexes is present in AAA and thrombus • NGAL could enhance the proteolytic activity associated with AAA Swedenborg [31] 2006 ILT as a source of proteolytic activity.
• The bind between NGAL and MMP-9 may lead to further degradation of AAA wall and increase the risk of rupture
Conclusions
All in all, NGAL is shown to be released by resident and circulating leucocytes of AAA patients, thereby playing the role of a marker of the size and progression of the AAA. Besides, it seems to be present in patients with angiopathy in general (in cases of renal angiopathy, coronary artery disease), suggesting in this way a possible use as a prognostic and/or predictive marker in such diseases. In the field of AAA, where a few substances can play such a role, NGAL appears to be a hopeful biomarker on which further investigation should be done. As far as its correlation with AAA wall stress, more studies aiming to highlight this potential relationship are mandatory.
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